The potential association of N-nitroso compound (NNC) exposures and the occurrence of childhood brain tumors (CBT) remains unclear, possibly because of the difficulties of measuring these complex environmental exposures in most epidemiologic studies. Accurate assessment of NNCs is difficult because they comprise a large family of chemicals ubiquitous in the environment or produced endogenously from commonly ingested foods. Drinking water may be an important source of nitrate (1-4) that can be reduced to nitrite, a potential precursor of endogenously formed NNCs that include recognized carcinogens such as the nitrosamides (5) (6) (7) . Similarly, nitrite ingested in drinking water may react in vivo with nitrosable substrates from foods to form NNCs. The maximum allowable levels of nitrate and nitrite (both as nitrogen) set by the U.S. government for public drinking water are 10 mg/L and 1 mg/L, respectively, because of concerns related to the potential risks of methemoglobinemia and possible adverse health conditions including cancer.
High rates of tumor induction have been observed in offspring when sodium nitrite and ethyl urea [precursors of the carcinogenic nitrosamide ethylnitrosourea (ENU)] are present in food and drinking water of pregnant rats, or among pregnant rats fed nitrites plus amines or amides (8) . There is also some evidence from human studies of a possible association of dietary NNC exposure and CBT occurrence (9) (10) (11) . It is possible that, due to a decreased capacity for DNA repair and a high rate of cell division, the fetal and newborn brain are particularly vulnerable to potential carcinogenic effects of exposures to NNC.
We conducted a case-control study of CBT to evaluate the effects of several exposures, including NNC in utero and during early childhood. The purpose of this analysis was to evaluate the association of source of residential drinking water during pregnancy with CBT occurrence among offspring. Because of the possibility that well water, including water from private wells that may be less subject to routine water quality regulation, may contain nitrates or other chemicals possibly associated with CBT occurrence, we examined whether there was an increased risk of CBT associated with reliance on wells as the source of residential water. We also attempted to assess potential exposure to contaminants in residential drinking water by using dipsticks to measure levels of nitrates and nitrites in tap water.
Methods
The methods of the U.S. West Coast CBT study, a population-based, case-control study, have been described previously in detail (9, 12) . Briefly, data for 19 counties from three cancer registries were used to identify all children younger than 20 years of age who were diagnosed with primary tumors of the brain, cranial nerve, or meninges (ICDO 1976 codes 191.0-192.1). Subjects resided at the time of their diagnoses in the geographic regions of San Francisco, California, and western Washington State, including the Seattle-Puget Sound area during 1 January 1984-31 December 1990, and in Los Angeles County, California, during 1 January 1984-30 June 1991. A control group was obtained using a random digit dial (RDD) procedure (13, 14) to identify children without tumors in a ratio of 1:1 in Los Angeles, and 2:1 in San Francisco and Seattle. In Seattle and San Francisco, controls were frequency-matched to cases by birth year and sex. In Los Angeles, cases and controls were individually matched on these criteria. Inclusion required that the child's physician be contacted before contacting the child's mother, that the biological mother consent to be interviewed in either English or Spanish, and that the family have a telephone present in their home. Approvals from the Institutional Review Boards of all participating institutions were received before the study was conducted.
Of the 813 cases identified, 762 (94%) were determined to be eligible. Of these, 540 (71%) were interviewed. Reasons for nonparticipation included physician refusal (3%), parental refusal (10%), parents moved from geographic area or were not traceable (16%), or parents unable to complete the questionnaire for other reasons (1%). Using RDD, 6,170 of the 6,990 residences contacted (88%) were screened for eligibility. Interviews were conducted with 801 (67%) mothers of the 1,079 children determined to be eligible as controls. Of the eligible controls, reasons for nonparticipation included parental refusal (20%), parents not traceable (3%), or parents unable to complete the questionnaire for other reasons (2%). Response levels for cases and controls were similar in all three geographic regions. A comprehensive in-person interview was conducted with mothers of all subjects using a detailed questionnaire to obtain information on demographic factors and potential exposures from the time of pregnancy with the index child to the date of the child's tumor diagnosis, or a similar date (the "reference date") for the control children. Exposure information included potential sources of environmental NNCs via tobacco smoke, hobby and occupational activities, and diet during the mother's prenatal period and during the subject's early childhood. Maternal consumption during the index pregnancy of 47 food items relevant to the NNC hypothesis (major dietary sources of nitrate, nitrite, vitamins C and E) was assessed with a dietary recall questionnaire and abstract food models to gauge portion size (9) . Use of prenatal vitamins or other vitamin supplements during the index pregnancy also was ascertained.
Mothers were asked about the sources of their household water (public water, well, spring, rainwater/cistern, street tank, river, pond/lake, other) during the prenatal and early childhood period. They were then asked to estimate what proportion of water consumed during their pregnancies was bottled. In addition, if the mother was living in the same residence where she resided during her pregnancy with the index child, dipstick measurement of nitrate and nitrite in the tap water was conducted by the interviewer. Dipsticks were kept enclosed in airtight containers and refrigerated at the regional study centers until needed. They then were transported to interviews in a dry thermos to avoid contamination by ambient air moisture until water testing. The presence of any nitrates and/or nitrites and the semiquantitive determination of these ion levels (none detected, 10, 25, 50 100, 250, 500 mg/L NO 3 -; none detected, 1, 5, 10, 20, 40, 80 mg/L NO 2 -, as provided by the Merckoquant dipsticks; Merck, Darmstadt, Germany) were measured in the tap water in homes of mothers of 119 of the 540 children with brain tumors (22%) and 191 of 801 control children (24%).
Initially, we conducted stratified analysis with adjustment for potential confounders using Mantel-Haenszel methods to evaluate residential water source (public water only, well water only, mixture of public and well water, mixture of public and other water source) and the risk of CBT occurrence. Women who reportedly consumed any bottled water during their pregnancies were then excluded and the analyses repeated in an attempt to refine our measurement of water consumption. Subsequently, unconditional logistic regression was used to obtain odds ratio (OR) estimates of the relative risk of CBT and their associated 95% confidence intervals (CI) (15) 
Results
A slight majority of cases were male (55%), and the largest age group consisted of those < 5 years of age at diagnosis (38%; Table 1 ). A majority of cases were diagnosed with astroglial tumors (57%) and nearly equal proportions had PNET (20%) or other histologic tumor types (23%). Similar proportions of mothers of cases (25%) and controls (27%) resided in the home they had lived in during their pregnancy with the case or control child. Subjects for whom dipstick measurements were obtained had generally similar characteristics as their respective larger case or control group with the exception that a greater proportion of subjects with water tests were from the youngest age group.
The majority of case and control mothers reported public water as the major source of residential water during their pregnancy with the index child and up through the child's first year of life. No increased risk of CBT was associated with use of any well water (reported by 9% of both cases and controls) relative to use of at least some public water (OR = 1.1; 95%CI, 0.8-1.7, adjusted for age, sex, and region; data not shown). The proportions of subjects reporting well water as the sole source of residential water varied by study region (Table 2) . Overall, having well water as the exclusive source of residential water during pregnancy was not associated with an increased risk of CBT in offspring relative to use of public water (OR = 1.2; 95% CI, 0.8-2.2). Because well water content may have differed by region, we examined the association of reliance on well water during pregnancy and CBT occurrence separately for each study region. Exclusive use of well water was reported by 1% of cases and 4% of controls in Los Angeles (OR = 0.2; 95% CI, 0.1-0.8), by 1% of cases and 2% of controls in the San Francisco area (OR = 0.7; 95% CI, 0.1-6.6), and by 14% of cases and 6% of controls in the Seattle region (OR = 2.6; 95% CI, 1.3-5.2).
Because women with known residential water contamination may be likely to drink bottled water instead of tap water, these analyses were repeated after excluding subjects who reported they had used any bottled water during their pregnancies. Although there was no difference in the proportion of use of bottled water reported by cases and controls within a region, bottled water usage varied markedly by region, ranging from 37% of women in Los Angeles to 15% and 7% of women in San Francisco and Seattle, respectively. The risks of CBT associated with exclusive reliance on well water among women who did not use bottled water were 0.1 (95% CI, 0.01-0.9) in Los Angeles, 0.7 (95% CI, 0.1-6.5) in San Francisco, and 2.8 (95% CI, 1.3-5.9) in Seattle (data not shown).
Risk estimates for the Seattle area were recalculated after stratifying subjects by prenatal use of vitamins or consumption of cured meat products, two modifiable dietary factors previously demonstrated to be associated with decreased and increased risks of CBT (9), and by histologic type. The risk of CBT associated with well water as the sole source of household water, relative to public water, among subjects whose mothers had used prenatal vitamins was 2.2 (95% CI, 0.9-5.0); among those without prenatal vitamin use the risk was 9.8 (95% CI, 1.0-120; Table 3 ). Among subjects whose mothers reported consuming fewer than 5 servings of cured meat per week, the risk of CBT in their offspring associated with exclusive use of well water was 1.8 (95% CI, 0.7-4.6); among those with 5 or more servings per week, this risk was 6.9 (95% CI, 1.2-69). The elevated odds ratio in the Seattle area for CBT associated with exclusive well water use was not restricted to any single histologic category, although the number of subjects available within each category was limited. Because of the small number of subjects available for these stratum-specific analyses, crude risk estimates are presented. The small number of well users in Los Angeles and San Francisco precluded similar analyses in these regions.
Among the 310 subjects for whom dipstick measurements were obtained, nitrates were detected in a greater proportion of tap water samples from control (22%) than case (13%) residences (OR = 0.6; 95% CI, 0.3-1.1; Table 4 ). Although the semiquantitative measurement levels provided by the dipstick provided only an estimate of the true nitrate content, few households had tap water measurements of 50 mg/L or greater (with 45 mg/L nitrate ion equivalent to 10 mg/L nitrate-nitrogen, the maximum allowable in public drinking water in the United States), and the proportions of case (2%) and control (1%) residences within this category were similar. Nitrites were detected in samples from 11% of cases and 2% of controls (OR = 8.8; 95% CI, 2.1-46). Similar proportions of 
.4).
Among the 51 subjects who reported exclusive use of well water, dipstick measurements of tap water were conducted for only 14 households. Of these, 2/8 cases (25%) and 1/6 controls (17%) had measurable nitrates, a difference that was not statistically significant. None of these samples contained measurable nitrites.
We examined whether tap water with measurable nitrates or nitrites was observed more commonly among households using well water than those reporting public water as the sole source of residential water (Table  5 ). In the Seattle region, 3/13 specimens (23%) from homes reporting well water as the sole source of residential water and 2/70 specimens (3%) from homes reporting use of public water contained measurable nitrates. In San Francisco no nitrates were measured in the single specimen available from a residence with well water. None of the samples from Los Angeles were from homes with reported reliance on well water. However, 45/146 (31%) and 6/71 (8%) of samples from homes with public water in Los Angeles and San Francisco, respectively, contained measurable nitrates. Los Angeles and San Francisco were the only regions where nitrite was detected in tap water specimens.
Discussion
An increased risk of CBT was observed among children in western Washington whose mothers reported well water as the sole source of household water supply during their pregnancies. No increased risk was measured in the San Francisco area, and a decreased risk was observed in Los Angeles, although well water use was relatively uncommon in these regions. In a previous case-control study of CBT in children living in the United States and Canada, no increased risk of CBT associated with selfreported use of well water was found (10) .
The possible association of drinking water nitrates with adult brain tumor occurrence has been examined more frequently than for childhood brain tumors. A German case-control study of adult brain tumors reported no association of nitrate exposure and tumor occurrence (4) based on an analysis of individual mean potential nitrate exposures estimated from residential drinking water sources, as provided by water treatment plants and health authorities in the study region. The mean nitrate levels for both cases and controls in that study were approximately 16 mg/L. Dipstick measurements of tap water nitrates were also obtained at the time of interview and were reported to be comparable between cases and controls. In apparent contrast, an ecologic study comparing cancer incidence in different areas of northern England reported an increased incidence of adult brain and central nervous system tumors, but not gastric or esophageal cancer, in areas with higher drinking water nitrate levels (mean of 29.8 mg/L) relative to areas with lower levels (mean of 2.4 mg/L) (20) .
The lack of consistency in our findings concerning residential water source across the three study regions deserves comment. If our results represent associations with a specific substance present in well water, then it is unlikely that it would exert a different effect in Los Angeles than in Seattle. Well water content probably varies across the three regions of our study, suggesting the possibility that our observed association in the Seattle area reflects some substance present only in that region. Of the substances that might be present in well water for which a relationship with brain tumors has been hypothesized, nitrates and nitrites are reasonable candidates, as levels of these substances in well water reflect the land use practices of the surrounding area and thus are likely to vary by region. Results of our analyses based on dipstick measurements of these substances, however, do not strongly support this. It is also possible that household use of well water, as measured in this study, is a proxy for some other factor that may be related to brain tumor occurrence.
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VOLUME 109 | NUMBER 6 | June 2001 • Environmental Health Perspectives Table 5 . Number of household water samples within nitrate or nitrite category by reported residential water source and study region. (16) may reduce or negate the effects of drinking water nitrate among individuals with a diet rich in these items. It has been hypothesized that if increased risk of tumor exists, it may be evident only among population subgroups already compromised by low dietary intake of vitamin C and other antioxidant-containing fruits or vegetables (17) . The fetal brain may have an enhanced susceptibility to tumorigenesis, perhaps due to the rapid division of neural cells and/or a decreased capacity to repair alkylationinduced DNA damage (18, 19) that results from exposure to NNCs. Thus, prenatal dietary and drinking water effects might be of particular importance for childhood cancer. It is possible that infants born to women with diets deficient in these substances and who ingested high levels of drinking water nitrate while pregnant may have an even greater susceptibility. It is also possible that prenatal consumption of greater quantities of foods thought to contain NNCs (such as cured meats), in combination with high levels of drinking water nitrate may increase risk. Our ability to further investigate this potential interaction with modifiable dietary factors was limited; however, the directions of the risk estimates we observed for the well water-CBT associations are consistent with this scenario when the data are stratified by selected prenatal dietary factors.
We observed no increased risk of CBT associated with the presence of measurable nitrates in tap water; in fact, a greater proportion of controls than cases had nitrates detected in their water. Nitrites were detected infrequently; however, they were detected more often in water from case households than control households. Considerable variation existed in the level of nitrate detection by study region. In western Washington nitrates were measured more often in water from households using wells than those with public water, a comparison we were unable to conduct in other regions. The proportion of samples with detectable nitrates from homes relying on wells in western Washington, however, was less than that observed for samples from homes relying on public water in Los Angeles.
Our results based on dipstick measurements of nitrate or nitrite in tap water must be interpreted with caution for several reasons. First, we sampled household tap water only for a small portion of subjects. Second, our measurements were obtained after the in utero exposure window hypothesized to be relevant for the children under study and thus may provide only a crude measure of possible exposure. Levels of these substances are likely to vary temporally even within the same water supply source. Finally, we have only a crude measurement of the extent to which household tap water was ingested by subjects. We attempted to refine the analyses to address this last issue by excluding mothers who reported they had consumed any bottled water during their pregnancies.
The information we obtained on residential water source was available for nearly all subjects and was relevant to the in utero time period in which waterborne contaminants might exert a significant influence. Well water contamination by nitrates from waste and fertilizers is an increasing problem in many areas (1, 21) , and levels of nitrate-nitrogen exceeding 10 mg/L have been documented in many farming areas including parts of Washington State (22, 23) . Thus, our finding of an increased risk of brain tumor associated with well water exposure in this particular geographic area of our study is of interest. If drinking water nitrates are associated with an increased risk of cancer, some potential pathways have been suggested. Increased levels of HPRT variant frequencies (24) and sister chromatid/chromosome breaks (25) have been measured in the peripheral blood lymphocytes of subjects exposed to high levels of drinking water nitrate, suggesting some routes for genotoxic and cytogenic effects. High levels of nitrate also are considered by some to indicate the presence of other contaminants such as pesticides or metals in the water (22) , but we have no data on these factors.
Reliance on the mother's recollection of residential water source, often from many years previously, is a limitation. Even if the source of residential water is accurately reported, women may have consumed water from other sources outside the home for which we have no data. However, it is likely that those who used private wells recalled their source of household water fairly accurately given the routine maintenance activities that may be required. Although public water supplies may include water from wells, we allowed respondents to define "well water" for themselves. It is possible that only those who relied on private domestic wells were aware of wells as a source of their drinking water and thus well water use was reported, for the most part, by women using water from private wells. In general, nitrate levels in private wells are not monitored by public health agencies as frequently as in public water sources, and it is conceivable that nitrate levels in private wells are relatively high. A recent report by the U.S. Geological Survey (USGS) indicates that although only 1% of public water supplies contained excess nitrates, 9% of domestic water wells, and 21% of shallow wells beneath farm lands exceeded the nationally accepted standard of 10 mg/L (23). An earlier report from Iowa indicated that 18% of that state's private rural wells exceeded this nitrate level, while up to 35% of shallow wells of less than 15 m exceeded 10 mg/L (26) . A recent report of data for areas of eastern Washington State indicated 8-26% of wells that were monitored (for those > 300 feet and < 300 feet deep, respectively) exceeded this standard for nitrate (22) . Both the USGS report (23) and data from Washington (22) also demonstrated a trend of increasing levels of nitrate in wells from 1970 to 1992, particularly in agricultural areas. This increase is likely to have occurred as a result of a concomitant increase in the use of nitrate-containing fertilizer (22, 23) . Thus, an increasing proportion of domestic wells supplying households in the United States may exceed nationally accepted levels for these substances.
Although these results do not provide strong support of an association of drinking water nitrates with CBT occurrence, they do suggest the possibility that in at least one of the regions studied, some factor related to well water use may have an association. In view of the substantial proportion of the population exposed to well water in some areas, evidence of increasing levels of contamination by nitrates (and possibly other contaminants), and a plausible biological mechanism for NNC-induced damage to fetal brain resulting in CBT, it will be important to further clarify this relationship.
